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E-mail address: leandrobdasilva@ufsm.br (L.B. daA systematic investigation of water ﬁlling of carbon nanotubes is presented. By means of a molecular
mechanics approach it is shown that water enters spontaneously into the nanotubes and fulﬁll them
completely. The absorbed water forms single-ﬁle structure into narrow nanotubes and ice-like structures
into larger nanotubes. The relation between the water occupation and the nanotube diameter is linear
when ice-like ordering of water is present. It is found that the number of stored molecules decreases qua-
dratically with the increase of temperature and for larger nanotubes a transition from ordered ice-like to
liquid is observed when temperature reaches 330 K.
 2012 Elsevier B.V. All rights reserved.1. Introduction
Water transport through carbon nanotube (CNT) channels has
generated a lot of attention in the last few years due to the number
of possible applications, such as water puriﬁcation and desalina-
tion, drug delivery, ion transport and so on [1–11]. The interest
has increased signiﬁcantly as it has been shown that CNTs may
act as fast ﬂuid transporters [12,13]. This property is closely related
to the behavior of water in conﬁnement: it may form a single-ﬁle
arrangement inside small diameter carbon nanotubes or assume
an ice-like structure in larger nanotubes [14–16]. In fact, the en-
hanced ﬂow can be attributed to the particular water ordering in-
side the CNTs where a decreasing of the number of hydrogen bonds
per molecule and longer lifetime of these bonds are predicted
[17,12,13]. Recently it has been proposed that the fast ﬂow trans-
port is due the existence of a depletion layer with reduced viscosity
close to the CNT wall [18], although the deﬁnitive answer may
need to consider also the nature of carbon–water interaction
[19]. All studies agreed that the structure of water within the CNTs
plays a crucial role on the ability of the nanotubes in conducting
ﬂuids. This evoke to question what are the main factors which lead
the water molecules to a particular conﬁguration within the CNTs.
Despite previous efforts made to understand the underlying pro-
cess [20,21], some questions are still open: how temperature inﬂu-
ences the ﬁlling process? Is temperature a key factor on the
maximum water load? In order to clarify these points, we propose
the study of the dynamics of the ﬁlling process and the properties
of the ﬁnal states at different thermodynamics conditions.ll rights reserved.
Silva).2. Methodology
The molecular mechanics simulations were carried out using
GROMACS 4.5.2 package [22]. The systems consisted in CNTs bun-
dles forming an inﬁnite membrane, initially empty, in contact with
two previously thermalised (500 ps) water reservoirs. Bundles of
(10,0), (12,0), (14,0), (16,0) and (18,0) nanotubes with a length of
30 Å were used in the simulation. Cell dimensions were chosen
to contain 16 nanotubes per unit cell, as showed in Figure 1. The
periodicity in z axis (nanotube axis) was removed in order to avoid
inter-reservoirs interactions. Table 1 lists the cell dimensions and
the CNT radius.
The simulation time comprised a total of 10 ns, with timestep of
2 fs, and data was collected every 2 ps. Temperature was controlled
by velocity rescale thermostat, within the range 285–360 K. The
interaction between carbon nanotubes and water are described
in terms of a Lennard–Jones potential (LJ). The parameters CO
and rCO are obtained from Lorentz–Berthelot mixing rule, where
rC ¼ 0:385 nm and C ¼ 0:439 kJ/mol [23]. Simple-point charge
(SPC) model was used for water [24]. The long range electrostatics
and van der Waals interactions were treated by a plain cut-off of
8.5 Å. In all simulations, carbon atoms were kept frozen at their ini-
tial positions.3. Results and discussions
Initially the ﬁlling of CNTs was analyzed. Figure 2 shows that
the water occupation of CNTs at 300 K increases non-linearly from
the beginning of the simulation until the complete ﬁlling of the
nanotubes, remaining roughly constant afterwards. It is shown in
the inset of Figure 2 the ﬁtting curves for water ﬁlling of (10,0),
(12,0), (14,0), (16,0) and (18,0) CNTs bundles. The best ﬁt is found
to be a 4th order polynomial, which results in a ﬁlling rate varying
Figure 1. Unit cell used in simulations. (a) XY plane view and (b) YZ plane view. Carbon atoms are represented green spheres, while oxygen and hydrogen are red and white
spheres, respectively. In (a) the ﬁrst water reservoir was omitted for clarity. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web
version of this article.)
Table 1
Nanotubes considered in simulation. The radius refers to individual nanotube radius





(10,0) 3.91 44.90  38.81
(12,0) 4.70 51.12  44.34
(14,0) 5.48 57.33  49.64
(16,0) 6.27 63.72  55.18
(18,0) 7.05 69.85  60.40
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ting ﬁlled, the mobility of waters inside the cavity decreases,
which, consequently, increases the time necessary to accommo-
date new molecules.
Figure 3 illustrates the relationship between maximum capacity
and CNT radius. It is observed a good linear ﬁt of the maximum
occupation for CNT radius greater than 4 Å. The reason of this
threshold lies on the fact that in narrow nanotubes, such as
(10,0) CNT, water forms a single-ﬁle ordering, while in larger tubes
there is a different ordering, similar to ice structure. Furthermore,
the linear dependence on the water capacity with the radius of the
CNT’s contrasts with the observed in systems on larger scalesFigure 2. Average number of water molecules per CNT inside the bundle at 300 K d
corresponding ﬁtting curves.(microscopic or wider pores), where a dependence on the square
of radius is expected. This is due the fact that, for the CNT studied
in this Letter, conﬁned water is always arranged in highly ordered
tubular structures, with pentagonal, hexagonal or heptagonal cross
sections. As a result, the number of molecules in the cross section
does not depends on the available area of the CNT’s, but the radius
itself.
In order to understand the effect of temperature in water ﬁlling
of CNTs we present in Figure 4 the average water occupation of
CNT cavity as function of time. In all cases it is observed that the
maximum occupation decreases quadratically as the temperature
increases. In (10,0) CNTs, although, the maximum variation in
average water population observed for this temperature range
was 0.3 molecule, which is below the standard deviation of the
average for these calculations of occupation (which is about 1.5
molecule). For (12,0) CNTs and thereafter, however, the occupation
decreases signiﬁcantly with the increasing of temperature. As seen
in Figure 4b–d, it can be seen that the storage capacity of the CNTs
decreases approximately 20% as temperature increases from 285 to
360 K.
Nanotubes (16,0) are found to show a different behaviour when
compared to the previous CNT’s. Filling curves comprises two sep-
arate groups, where curves for 285 and 300 K form one group, and
curves for 330 and 360 K form the other group. This suggest thaturing time simulation. In the inset, a detail of the ﬁrst 10 ps of the run and the
Figure 3. Average occupation per CNT at 300 K as function of CNT radius.
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with a transition of state between them. In order to investigate this
result, some further analysis of dynamics properties and tempera-
tures within the range 300–330 K were carried on (Figure 4d).
The autocorrelation function of dipole moments of the water
molecules (ACF) within the (16,0) CNTs and their mean square dis-
placement (MSD) were investigated. The ACF is deﬁned as
CðtÞ ¼ hpið0ÞpiðtÞip2 , where pi is the water dipole momentum of the i-
th molecule, and MSD is given by hjDrðtÞj2i ¼ hjriðtÞ  rið0Þj2i,
where ri is the position of the i-th water molecule. Additionally,
it is shown the variation of hydrogen-bond (HB) lifetime with tem-
perature, deﬁned as s ¼ R tdðtÞdt. Here, dðtÞ is a function that as-
signs 1 for an existing HB and 0 otherwise.Figure 4. Average number of water molecules per CNT as function of time for (a) (10,0) (b
occupation as a function of the temperature.From Figure 5 it can be seen that water at 285 and 300 K have
dynamic properties rather different to its bulk state at 300 K. The
ACF of dipole momentum (Figure 5a) indicates that water into
the CNTs forms a structure with dipoles frozen at its initial orien-
tations for a long time. When temperature reaches 330 K, the di-
poles lose their correlation after a relatively short time, in a
qualitatively similar manner to bulk water at 300 K.
In addition, Figure 5b shows the alterations in the MSD of water
at (16,0) due to temperature increase. At 285 and 300 K, water ex-
hibit nearly no mobility, indicating a static and compact structure
like found in ice state. At 330 and 360 K, on the other hand, water
within (16,0) CNTs presents notable mobility. Interestingly, water
at (16,0) CNTs only present a diffusivity typical of its bulk state
(300 K) when temperature is as high as 360 K. Further investigation
for temperatures in the range 300–330 K indicates a transition state
between highly ordered state (bellow 300 K) and a liquid state
(above 330 K). This conclusion is supported by the mean-lifetime
of the HB’s (Figure 5c), which shows that at temperatures higher
than 325 K there is a sudden drop from 1.500 ps to 0.617 ps (in this
model, bulk water at 300 K has s = 0.636 ps). The comparisons
made with bulk water at 300 K are useful to illustrate that, when
in conﬁnement, water no longer exhibits its characteristic mobility
and diffusivity. This behavior is only restoredwhen temperature in-
creases to values signiﬁcantly higher to 300 K. Finally, it is observed
that the condition of conﬁnement into the CNTs allows water to be
arranged in a compact ice-like structure even at temperatures up to
300 K. For this reason, the number of molecules able to ﬁt the CNT
cavity is larger than in other conditions, increasing the overall stor-
age capacity of the nanotubes. The frozen state is broken only when
temperature reaches values higher than 300 K (330 and 360 K, in
this work). At that point, the mean square displacement of the mol-
ecules and the HB mean lifetime approximates to the observed for
bulk water at room temperature. This suggest that the structure is) (12,0), (c) (14,0) and (d) (16,0) bundles. In the insets are shown the average water
Figure 5. (a) ACF of total dipole, (b) MSD of water molecules inside (16,0) CNT at various temperatures and (c) mean lifetime of HB. Bulk water properties at 300 K are used as
reference values.
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and, consequently, a lower amount of water storage is expected.4. Conclusions
In this Letter, a molecular mechanics study on water ﬁlling of
various CNTs bundles was presented. The results showed that the
number of water molecules ﬁlling CNT’s depends directly on the
CNT radius, with the notable exception for CNTs where this value
is lower than 4 Å. This is a consequence of the pattern of arrange-
ment into the cavity: in narrow nanotubes, water forms a single-
ﬁle structure, while in larger CNTs, water forms an ordered ice-like
structure. Temperature inﬂuences the storage capacity of the nano-
tubes, which decreases quadratically with the increasing of tem-
perature. This is especially notable in larger CNTs and it may be
attributed to the transition from a compact ice-like structure
(which occurs at lower temperatures) to a ﬂuid-like structure,
when temperature reaches higher values.Acknowledgements
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